Respiratory electron transport system (ETS) activity was measured in plankton samples (<200 mm) collected in the NW Alboran Sea. Sampling was carried out during seasonal cruises (summer and autumn 2003 and winter and spring 2004) in 12 stations located in transects off the coast of Malaga (southern Spain). This work reports for the first time seasonal variations of the Arrhenius activation energy ( Ea) as well as being the first study to address CO 2 balance in the NW Alboran Sea. These variations were related to changes in the phytoplankton community assemblage, which could ultimately be caused by the seasonal variability of hydrological conditions. ETS activity was significantly higher in summer, coinciding with a higher chlorophyll a (Chl a) concentration and relatively high levels of particulate organic matter. The ETS:Chl a total ratios were low during the four seasons, suggesting a high contribution of autotrophic phytoplankton to the respiratory activity of planktonic community. Respiratory CO 2 production (RCP) calculated from ETS activity ranged from 4.6 to 28.1 mg C m -3 day -1 during the four cruises. Chl a-specific RCP was lower than the maximum photosynthetic rates reported in the literature for the studied area, suggesting that primary production (PP) and respiration in the water column might be unbalanced.
Respiratory electron transport system (ETS) activity was measured in plankton samples (<200 mm) collected in the NW Alboran Sea. Sampling was carried out during seasonal cruises (summer and autumn 2003 and winter and spring 2004) in 12 stations located in transects off the coast of Malaga (southern Spain). This work reports for the first time seasonal variations of the Arrhenius activation energy ( Ea) as well as being the first study to address CO 2 balance in the NW Alboran Sea. These variations were related to changes in the phytoplankton community assemblage, which could ultimately be caused by the seasonal variability of hydrological conditions. ETS activity was significantly higher in summer, coinciding with a higher chlorophyll a (Chl a) concentration and relatively high levels of particulate organic matter. The ETS:Chl a total ratios were low during the four seasons, suggesting a high contribution of autotrophic phytoplankton to the respiratory activity of planktonic community. Respiratory CO 2 production (RCP) calculated from ETS activity ranged from 4.6 to 28.1 mg C m -3 day -1 during the four cruises. Chl a-specific RCP was lower than the maximum photosynthetic rates reported in the literature for the studied area, suggesting that primary production (PP) and respiration in the water column might be unbalanced.
I N T R O D U C T I O N
Ocean biogeochemical cycles play a key role in controlling atmospheric CO 2 levels. The balance between primary production (PP) and respiration is essential to determine the flux of carbon between the ocean and the atmosphere and, consequently, to assess the role of the oceanic areas as sources or sinks of CO 2 . The consumption of oxygen in the sea is largely due to the respiratory metabolism of plankton (Packard, 1985) , but direct measurements of oxygen consumption are slow and difficult in oligotrophic or deep waters. To overcome these problems, some indirect methods based on biochemical activity rates have been proposed. One of the most widely used techniques is the determination of the enzymatic activity of the respiratory electron transport system (ETS) (Packard, 1985; Arístegui and Montero, 1995a,b; La Ferla and Azzaro, 2004) . The determination of ETS activity in plankton is a measurement of the potential respiration of these organisms, and its use as a proxy for respiration is gaining acceptance in aquatic ecology (Del Giorgio and Williams, 2005) . The existence of a close relationship between microplankton respiration and ETS activity in the euphotic layer allows the estimation of oxygen consumption rates from ETS measurements (Packard, 1985; Arístegui and Montero, 1995b) . On the other hand, several studies have shown an increase of ETS activity in upwelling areas where the nutrient enrichment promotes a high productivity (Packard, 1985; Martínez et al., 1990; Martínez, 1997) . Therefore, upwelling areas are of special interest in order to study the coupling between hydrological conditions and respiratory processes.
One of the most striking features of the Alboran Sea is the circulation pattern, which is driven by the exchange of Atlantic and Mediterranean water masses through the Strait of Gibraltar (Minas et al., 1991; Rodríguez et al., 1998) . Several different mesoscale structures have been described in this area, and a strong coupling between physical and biological processes has been reported (Packard et al., 1988; Minas et al., 1991; Rodríguez et al., 1998) . The NW Alboran Sea is one of the most productive areas within the Mediterranean Sea, as reflected by the relatively high chlorophyll a (Chl a) concentrations found almost during the whole year (Bosc et al., 2004) . The enhanced primary productivity (PP) in this region is induced by different upwelling mechanisms (Sarhan et al., 2000) . The high productivity of this area feeds an active organic matter sedimentation responsible for a high consumption of oxygen and an intense nutrient regeneration below the euphotic layer (Packard et al., 1988; Minas et al., 1991) , leading to a minimum of dissolved oxygen and to a relative maximum in the vertical profile of nutrients. Associated with this vertical flux of organic matter there is an increase of respiratory ETS activity that has been observed in the intermediate layers of the western Alboran Sea and the Mediterranean outflow (Packard et al., 1988; Savenkoff et al., 1993) .
Previous studies on plankton ETS activity have shown the existence of temporal variations in the respiratory activity of marine planktonic organisms (La Ferla et al., 1999; Savenkoff et al., 2000; Arístegui and Montero, 2005) . These studies have reported that the highest ETS activities were found during summer-spring, coinciding with an increase of seawater temperature and often with an increase in phytoplankton biomass. Nevertheless, it has been recognized that temporal variation of respiration is still insufficiently characterized in the ocean (Del Giorgio and Duarte, 2002) .
The aim of the present work was to study the seasonal variability of the ETS activity in plankton samples collected at the depth of the fluorescence maximum (DFM) in the NW Alboran Sea and to analyse its relationships with physical and biogeochemical variables. ETS activity was converted to respiration rate and metabolic CO 2 production. Respiratory carbon production was compared with PP previously reported in the same area. This study thus provides new insights into ETS activity and the Arrhenius activation energy and has implications for the study of the carbon cycle in the Alboran Sea. This is the first study reporting the role of the NW Alboran Sea on the CO 2 fluxes.
M E T H O D
The map in Fig. 1 shows the study region and the stations sampled under the framework of the multidisciplinary project NORALBORAN. The sampling was conducted during four seasonal cruises (summer and autumn 2003 and winter and spring 2004) at 12 stations located in three transects off the coast of Malaga (southern Spain). Unfortunately, the sampling in the westernmost transect (M) could not be carried out during the spring cruise due to adverse weather conditions. At each station, temperature, salinity and fluorescence were determined by means of a CTD cast. In addition, seawater samples were collected at fixed depths (0, 10, 20, 50, 75 and 100 m) and at the DFM with 10 L Niskin bottles for different analyses. Dissolved oxygen and inorganic nutrients were determined as described in Ramírez et al. (Ramírez et al., 2005) . Oxygen saturation was calculated following the Benson and Krause equation (UNESCO, 1986) , and the apparent oxygen utilization (AOU) was calculated as the difference between saturation and observed oxygen concentrations. For Chl a analysis (total and fractionated), 0.5, 0.5 and 1.0 L of seawater were filtered, respectively, through 0.7 mm Whatman GF/F glass-fibre filters and 2 and 20 mm polycarbonate Poretics filters which were kept in aluminium foil and frozen at -208C. At the laboratory, the filters were thawed in the dark, treated with 7 mL of acetone 90% and kept at 48C for 24 h in the dark. Chl a concentration was determined fluorometrically according to Yentsch and Menzel (Yentsch and Menzel, 1963) by means of a Turner Designs-10 fluorometer, previously calibrated with a standard of pure Chl a (Sigma). To determine the carbon and nitrogen content of the particulate organic matter (POM), 2-3 L of seawater was filtered through pre-combusted (4508C for 6 h) Whatman GF/F glass-fibre filters. The filters were kept in vials and preserved at -208C. At the laboratory, the filters were dried at 608C for 24 h and treated with HCl fumes in a desiccator and subsequently dried again at 608C for 24 h. Elemental analysis (carbon and nitrogen content) was performed with a Perkin Elmer 2400 elemental analyser using acetanilide as standard. ETS activity was measured in plankton (<200 mm) samples collected at the DFM. Seawater samples (2-3 L) were screened through a 200-mm nylon mesh and then filtered through GF/F Whatman glass-fibre filters which were immediately kept in criovials and preserved in liquid nitrogen until their analysis at the laboratory. ETS enzymatic assays were basically performed according to Kenner and Ahmed (Kenner and Ahmed, 1975) and Packard and Williams (Packard and Williams, 1981) with some modifications. The frozen plankton-coated filters were mechanically ground for 2 min by means of a Teflon-glass tissue grinder in 6 mL of cold homogenization buffer (Kenner and Ahmed, 1975) . The obtained homogenate was screened through a 200 mm nylon mesh to remove larger size filter remains, recovering the crude homogenate in a beaker at 08C. Subsequently, the crude homogenate was centrifuged at 570 g for 15 min at 0-48C. Aliquots of the homogenate (500 mL) were incubated with reducing substrates (0.25 mM NADPH, 0.835 mM NADH and 0.133 M succinate). The reaction was started by the addition of 500 mL of 2.5 mM (p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT). After INT addition, the tubes were shaken in a vortex mixer and covered with aluminium foil. Enzymatic assays were run in duplicate and homogenates were incubated for 30 min in darkness at the in situ temperature (±0.58C). Additionally, incubations were made at the optimum assay temperature, which was previously determined by means of temperature-dependence studies (see below). The reaction was stopped by the addition of 1 mL HCl 10%. The absorbance of the sample was read in a spectrophotometer at 490 and 750 nm to correct for turbidity. Following the method described by Packard and Williams (Packard and Williams, 1981) , two kinds of blanks were assayed for each incubation temperature: a reagent blank (RB) and a blank without substrates (BWS).
To determine the optimum incubation temperature for the ETS assays (V max ) as well as to calculate the activation energy (Ea), temperature-dependence studies were performed during each cruise. At each one, a large volume of seawater (25 L) was collected at the DFM, thoroughly mixed and fractionated in aliquots of 2 L that were subsequently filtered and frozen in liquid nitrogen in the same way as previously described. Six planktoncoated filters were successively homogenized, as described before, and the homogenates were pooled together into a 50 mL plastic test tube at 08C and shaken in a vortex mixer. The homogenate was centrifuged as described before, and aliquots of 500 mL of the supernatant were taken and incubated in the darkness but at 10 different temperatures ranging between 5 and 508C (DT = 58C). Assays were run in duplicate for each temperature. ETS activities at the optimum temperature assay were corrected to in situ temperature through the Arrhenius equation by using the corresponding seasonal Ea values (Packard et al., 1975) .
Plankton (<200 mm) respiration (R) at the DFM was estimated from respiratory ETS activity using the general regression equation obtained by Arístegui and Montero (Arístegui and Montero, 1995b ) from a large data set (n = 197) of natural plankton assemblages (<225 mm) from different surface oceanic areas:
where R and ETS activity are expressed in mg O 2 m -3 day -1 . A respiratory quotient (RQ) equal to 1 was used to convert oxygen consumption rates to respiratory CO 2 production (RCP) (Packard and Williams, 1981; Savenkoff et al., 1996) .
Seasonal differences among variables were tested by the nonparametric Kruskal-Wallis H-test (Zar, 1984) . The relationships among ETS activity and the different physical, chemical and biological variables were examined by Spearman rank correlation analysis (Packard et al., 2000) . Additionally, similarities among the different physical, chemical and biological variables for each seasonal cruise were analysed by principal component analysis (PCA) (Savenkoff et al., 1995; Packard et al., 2000) . All the statistical analyses were performed using the software package STATISTICA 5.5 for Windows. A significance level of 0.05 was considered for all the statistical analyses.
R E S U L T S Seasonal variability of physical and biogeochemical variables
The results obtained from the different cruises revealed significant seasonal differences in hydrological conditions (Table I ). The fluorescence maximum was deeper in summer and autumn and shallower in winter and spring (Kruskal-Wallis H-test, P < 0.04). Salinity at the DFM showed significant seasonal variations, with a minimum in autumn (mean 36.74, n = 12) and a maximum in spring (mean 37.39, n = 12) (Kruskal-Wallis H-test, P <0.002). The higher salinities observed in spring as well as the relatively high salinity values found in summer were due to the occurrence of upwelling events during both cruises. Temperature at the DFM followed the opposite pattern to that of salinity, with significantly higher temperatures in autumn (Kruskal-Wallis H-test, P < 0.001), due to the presence of less saline and warmer Surface Atlantic Water (SAW). In contrast, the lower temperatures were observed in spring due to the upwelling of colder and deeper waters. Higher NO 3 -+ NO 2 -(DIN) and PO 4 3-concentrations were measured at the DFM during the summer cruise, coinciding with the relative increase in salinity. However, these differences in nutrients at the DFM were not statistically significant (Kruskal-Wallis H-test, P > 0.05), probably due to the previous consumption by phytoplankton, as reflected by the higher Chl a concentrations observed during the summer cruise. Total Chl a (Chl a total ) concentrations at the DFM were very high during all the seasons, though significantly higher Chl a total concentrations were observed in summer as compared with the other seasons (Kruskal-Wallis H-test, P < 0.05). Chl a total at the DFM ranged from 2.20 mg L -1 (±0.76 SD, n = 12) in winter to 13.17 mg L -1 (±3.49 SD, n = 12) in summer. These differences in Chl a total were primarily due to enhanced concentrations of Chl a in the larger fractions of nano (2-20 mm) (Chl a nano ) and particularly microplankton (>20 mm) (Chl a micro ) in summer (Kruskal-Wallis H-test, P < 0.05) (Fig. 2 ).
Significant seasonal differences in particulate organic carbon (POC) and particulate organic nitrogen (PON) were observed at the DFM. The higher concentration of POC and PON was found in summer-spring (KruskalWallis H-test, P < 0.001 and P < 0.005, respectively) (see Table I ), coinciding with the higher Chl a concentrations during these seasons. However, the POC:PON molar ratio at the DFM did not show significant variations among seasons (Kruskal-Wallis H-test, P > 0.05), the mean value for all the cruises being 10.77 (±3.80 SD, n = 44).
The possible influence of hydrological conditions on the seasonal changes in the phytoplankton size structure was examined by analysing the relationships among the Chl a content in each size fraction (expressed as percentage of Chl a total ) and temperature and salinity. The results of the Spearman rank correlation analysis for all the data showed that the percentage of Chl a in the microplanktonic size fraction (%Chl a micro ) was positively related to salinity (r s = 0.32, P < 0.02, n = 44) and negatively related to temperature (r s = -0.38, P < 0.02, n = 44), while %Chl a pico was negatively related to salinity (r s = -0.33, P < 0.05, n = 44). These results suggest that seasonal changes in the size structure of phytoplankton community could be associated with temporal changes in the hydrological conditions. 
ETS activity and respiration

Temperature dependence of ETS activity
The results of the temperature-dependence studies showed that ETS activity increased with temperature up to 308C during the four cruises (Fig. 3a) . Above that temperature, there was a steady drop of ETS activities probably due to thermal inactivation of the enzymes. The increase of activities at temperatures >408C could be due to an increase of nonenzymatic reduction of INT at higher temperatures. On the basis of these results, 308C was selected as the optimum temperature of the assay for the samples collected in the different surveys.
Differences in ETS activities between the assays performed at in situ temperature (±0.58C) and 308C were tested. The results suggested that although 308C was the optimum temperature for the in vitro assay, i.e. yields higher enzymatic activity, the conversion to in situ temperature by using the Arrhenius equation leads on average to slightly lower ETS activity, though these differences were not significant. Packard (Packard, 1985) remarked the importance of measuring the maximum ETS activity (V max ). Then, in the present study, we used ETS activity values obtained from assays performed at in situ temperature.
Ea was calculated from the linear section (up to 308C) of the plots of Ln ETS against 1/T (Fig. 3b) , where T is the incubation temperature (in Kelvin). The slope was significantly higher in autumn than in summer and spring (ANCOVA, parallelism test, F = 7.91 P < 0.05), indicating that ETS activity was more dependent on temperature incubation in autumn than during the other seasons. No significant differences in the slopes were observed among the other periods. The Ea values obtained for each seasonal cruise were 32.2 kJ mol -1 (7.7 kcal mol -1 ) (summer), 46.4 kJ mol -1 (11.1 kcal mol -1 ) (autumn), 35.9 kJ mol -1 (8.6 kcal mol -1 ) (winter) and 28.0 kJ mol -1 (6.7 kcal mol -1 ) (spring). The average Ea for all the cruises was 35.5 kJ mol -1 (8.5 kcal mol -1 ) (±2.3 SD, n = 4). In order to determine the origin of the seasonal changes in Ea, the relationships between Ea and other physicochemical and biological variables at the DFM were analysed. Spearman rank correlation analysis showed negative and significant correlations between Ea and %Chl a micro [r s = -1, P = 0.05, n = 4 (one-tailed hypothesis)] and salinity [r s = -1, P = 0.05, n = 4 (one tailed-hypothesis)]. No significant relationships were observed with other variables.
ETS activity and RCP
In order to make comparisons with other previous studies, particularly those carried out in the Alboran Sea and the Mediterranean Sea, in the present study ETS activity values are given in mL O 2 L -1 h -1 throughout the text. ETS activity ranged from 0.28 to 3.08 mL O 2 L -1 h -1 , with a mean value of 1.35 mL O 2 L -1 h -1 for all the cruises (Table II) . On average, ETS activity was significantly higher in summer than in the other seasons (Kruskal-Wallis H-test, P < 0.04). This seasonal maximum respiratory activity coincided with very high concentrations of Chl a total , relatively higher levels of inorganic nutrients and POM. In fact, ETS activity followed the same seasonal pattern as Chl a total at the DFM (Fig. 4a) .
Seasonal averages of chlorophyll-specific ETS activity (ETS:Chl a) for the different phytoplanktonic fractions as well as seasonal averages of specific ETS activity relative to POC and PON are summarized in Table III . Significant differences among seasons were only observed for specific ETS activity relative to Chl a content of picoplankton size fraction (ETS:Chl a pico ), being significantly higher in summer and spring than in autumn and winter (Kruskal-Wallis H-test, P < 0.005), which may indicate a higher contribution of picoplankton to ETS activity during the autumn and winter cruises. The ETS:POC and ETS:PON ratios were significantly lower in spring than in the other seasons (Kruskal-Wallis H-test, P < 0.05), since the increase in POC and PON during this season was not accompanied by an increase of ETS activity, suggesting a high contribution of nonliving material to POM in spring.
Estimated RCP for all the cruises ranged from 4.7 to 28.1 mg C m -3 day -1 . The mean, maximum and minimum RCP values for each season are given in Table II . On average, the respiratory carbon production for all the seasons was 14.8 mg C m -3 day -1 (±5.9 SD, n = 44).
Relationships among ETS activity and physical and biogeochemical variables
Spearman rank analysis
On a seasonal basis, Table IV summarizes the results of the Spearman rank correlation analysis carried out for the data set from each cruise. ETS activity increased significantly with seawater temperature in summer and winter but not in spring or autumn. In general, ETS showed a trend to decline with salinity, although this trend was only significant in winter. Besides, the ETS activity showed a significant and negative correlation with inorganic nutrients during all the seasons. In general, DIN concentrations at the DFM explained more than 65% of the variance of ETS activity in the course of the four surveys, while PO 4 3-accounted for more than 55%. Moreover, a negative and significant relationship was observed between ETS activity and the AOU during summer, autumn and winter, while positive correlations were observed with O 2 during these seasons. All these findings suggest a close association between respiratory activity and hydrological conditions during each cruise. Considering all data at the DFM from the four cruises, ETS activity was positively correlated to temperature (r s = 0.38, P < 0.05, n = 44) and to dissolved oxygen (r s = 0.47, P < 0.001, n = 44), while it was negatively correlated to nutrient concentrations. The best correlation was found with DIN (r s = -0.59, P < 0.001, n = 44), which explained 35% of the overall ETS variability. No significant correlation with salinity was observed when all the data were pooled together (P > 0.05, n = 44). Spearman rank analysis did not show significant correlations between ETS activity and Chl a total for each cruise (P > 0.05). Likewise, the relationship among ETS activity and the Chl a content of the different phytoplanktonic size fractions (Chl a micro , Chl a nano and Chl a pico ) were not significant at seasonal level. The only exception was the relationship found between Chl a pico and ETS activity in winter, which suggests that autotrophic picoplankton could contribute significantly to ETS activity during this cruise. On the other hand, no significant correlation between ETS activity and Chl a total was observed when all the data from the different seasons were pooled together (P > 0.05, n = 44) (Fig. 4b) . Similarly, no significant relationship between ETS activity and percentage of Chl a in the different size fractions emerged. Nonetheless, as previously mentioned, the overall seasonal pattern of ETS activity matched with that of Chl a total (see Fig. 4a ).
Principal component analysis
Similarities among the different variables analysed during each cruise at the DFM were further examined by PCA. For each cruise, three principal components (PCA) were extracted. In summer (Fig. 5a ), PC1, PC2 and PC3 Chl a, chlorophyll a. Those ratios that showed significant seasonal differences are marked with an asterisk symbol. and AOU and positively to temperature, O 2 and ETS activity, and it was interpreted as a hydro-biogeochemical component. PC2 was negatively related to all Chl a concentrations (Chl a total , Chl a pico , Chl a nano and Chl a micro ), and therefore, it can be considered as a phytoplanktonic component. PC3 was negatively correlated to salinity. The three PC for the autumn cruise (Fig. 5b ) explained 69.3, 24.2 and 11.7% of the total variance. PC1 was considered a hydro-biogeochemical axis but, differently from summer, PC1 was related positively to salinity, DIN, PO 4 3-, SiO 4 4-and AOU, while it was related negatively to temperature, O 2 and ETS activity. PC2 accounted for a high variability of Chl a total , Chl a micro and Chl a nano . PC3 factor loading was only significant for Chl a pico . PCA of the variables for the winter cruise (Fig. 5c) showed three factors that explained 63.9, 24.8 and 13.9% of the total variance. PC1 was related positively to DIN, PO 4 3-, SiO 4 4-, AOU and salinity and negatively to temperature, O 2 and ETS activity. PC2 showed high factor loadings for Chl a total , Chl a micro and Chl a pico . Low factor loadings between PC3 and the variables were observed. In spring (Fig. 5d) , PC1 explained most of the observed variability (87.9%), and it was correlated negatively to DIN, PO 4 3-, SiO 4 4-and AOU and positively to temperature, O 2 , ETS activity and Chl a concentrations. PC2 was only correlated negatively to salinity, and low factor loadings were observed for PC3. 
D I S C U S S I O N
The results of the present study reveal that both ETS activity and the Ea in plankton samples (<200 mm) from the NW Alboran Sea showed significant seasonal variations. These changes could be caused by seasonal differences in the phytoplankton community that occurred as a consequence of the different hydrological conditions found during each cruise. These findings are in agreement with previous studies showing the existence of a strong coupling between physical mesoscale processes and biological variables in the western Alboran Sea (Minas et al., 1991; Rodríguez et al., 1998; Ramírez et al., 2005; Reul et al., 2005) .
This is the first work that reports temporal variability of Ea in natural plankton assemblages, which has never been previously considered in other works. The temporal variability of Ea in the ocean may have major consequences for those works where ETS activity is corrected to in situ temperature. Therefore, the results reported here are of value to field studies, since the use of inappropriate Ea values may lead to biased estimations of ETS activity at in situ temperature. The Ea varied from 28.0 kJ mol -1 (6.7 kcal mol -1 ) to 46.4 kJ mol -1 (11.1 kcal mol -1 ), with a mean value of 35.5 kJ mol -1 (8.5 kcal mol -1 ) for all the seasons. The higher Ea values found in autumn indicate that ETS activity was more sensitive to temperature changes during this season. However, in general, the Ea values reported in this study are lower than those previously calculated for other oceanic areas. Thus, Packard et al. (Packard et al., 1975) reported Ea ranging from 48.9 kJ mol -1 (11.7 kcal mol -1 ) to 91.5 kJ mol -1 (21.9 kcal mol -1 ) for natural plankton assemblages from the euphotic zone of the Northwest Pacific Ocean, estimating a mean Ea of 66.0 ± 11.7 kJ mol -1 (15.8 ± 2.8 kcal mol -1 ). However, some works carried out in polar areas have found lower activation energy to that reported by Packard et al. (Packard et al., 1975) for temperate oceanic areas. Thus, an average Ea of 50.2 kJ mol -1 (12.0 kcal mol -1 ) has been reported for microplankton in the Weddell Sea (Martínez and Estrada, 1992) and Ea ranging from 12.5 to 71.1 kJ mol -1 (3-17 kcal mol -1 ) in the Strait of Bransfield (Martínez, 1996) .
Temperature is an important factor affecting metabolic rates of marine organisms (Packard et al., 1975) . They have apparently developed adaptive mechanisms that increase metabolic efficiency at low temperature and decrease it at high temperature, thus achieving the homeostatic control over their metabolism. The Arrhenius activation energy might play a role in the adaptive processes because of its role in decreasing the free energy of activation. Therefore, changes in Ea appear to be part of the mechanism of temperature adaptation (Packard et al., 1975; Simčič and Brancelj, 2004) . However, in the present study, no significant correlation was found between Ea and the average seasonal temperature, indicating that temperature had probably a minor effect on the seasonal variability of Ea. Previous studies have also failed in trying to find a significant relationship between Ea and seawater temperature. Packard et al. (Packard et al., 1975) did not find any relationship between plankton Ea and temperature in different areas with temperatures ranging from 2 to 278C. Other factors rather than temperature could be responsible for the observed seasonal variability of Ea. The significant correlation found between Ea and %Chl a in the microplanktonic fraction (>20 mm) suggests that the seasonal changes in the Ea might be caused by temporal changes in the taxonomic composition and the size structure of the phytoplankton community assemblage. This hypothesis is consistent with previous studies that have shown that Ea of ETS activity depends on the phytoplankton species. Thus, Ahmed and Kenner (Ahmed and Kenner, 1977) found Ea values ranging from 38.8 to 68.5 kJ mol -1 (9.3-16.4 kcal mol -1 ) for 11 phytoplankton species in exponential growth phase. In addition, changes in Ea and the phytoplankton community could ultimately be driven by the seasonal hydrological regime in the NW Alboran Sea, since in the present study, the positive correlation found between salinity and Chl a micro and the negative correlation with Chl a pico indicate that the size structure of the phytoplankton community was linked to changes in the hydrological regime. Particularly, the higher Ea values found during the autumn cruise could be attributed to changes in the plankton composition, which could be caused by an enhanced inflow of Atlantic water at this time of the year (Ramírez et al., 2005) , as indicated by the low salinities found. In fact, the higher Ea value in autumn coincided with lower salinities, higher %Chl a pico and lower %Chl a micro compared to the other seasons. Thus, Chl a pico accounted for 20.5, 41.5, 38.7 and 22.6% of Chl a total in summer, autumn, winter and spring, respectively, while Chl a micro accounted for 53.3, 45.5, 51.1 and 59.0% of Chl a total in the same periods respectively. Moreover, not only differences in the taxonomic composition and the size structure of the plankton assemblage but also differences in the physiological state of autotrophic and heterotrophic organisms might influence Ea (Packard, 1985) . Respiratory activities have also been shown to increase during the exponential growth phase in marine bacterial cultures (Roy and Packard, 1998) .
The range of ETS activity in the present study (0.28-3.08 mL O 2 L -1 h -1 ) is comparable to those found by other authors in the western Mediterranean. Martínez et al. (Martínez et al., 1990) reported ETS activities varying from 0.5 to 5.0 mL O 2 L -1 h -1 for surface layers of the western Mediterranean. These authors found that the higher activities were associated with the Algerian current and the maximum of Chl a distribution, while the lower values were found in Mediterranean waters where Chl a concentrations were lower. In the Almeria-Oran front (eastern Alboran Sea), ETS activities varied between 0.1 and 3.0 mL O 2 L -1 h -1 in the upper layers (100 m) (Martínez, 1997) , the highest ETS values being associated with the frontal system, while the lower values were found in the Mediterranean side of the front. Lower ETS activities (0.09-0.89 mL O 2 L -1 h -1 ) have been found by La Ferla and Azzaro (La Ferla and Azzaro, 2001) in the euphotic zone in the more oligotrophic waters of the eastern Mediterranean. On a seasonal basis, the results of the present study show that ETS activity at the DFM exhibited significant variations. The highest ETS activities were found in summer associated with high concentrations of Chl a as well as relatively high levels of POC and PON, suggesting an elevated contribution of autotrophic phytoplankton to the community respiration in this period.
The chlorophyll-specific ETS activity (ETS:Chl a) has been used as an index of the relative contribution of autotrophs to respiratory activity of natural plankton assemblages (Packard, 1979; Martínez et al., 1990; Martínez and Estrada, 1992) . Changes in the ETS:Chl a ratio may indicate changes in plankton community assemblage and/or metabolic rates (Packard, 1979; Martínez et al., 1990; Martínez, 1991; Martínez and Estrada, 1992) . Previous studies on ETS:Chl a have shown that in autotrophic phytoplankton-dominated zones (high Chl a areas) such as upwelling systems, ocean fronts or chlorophyll maximum layers, the specific ETS activities (ETS:Chl a) are generally lower than 2-3 mL O 2 h -1 mg Chl a -1 , and much of the ETS activity is due to phytoplankton. In contrast, the ETS:Chl a ratio usually reaches values higher than 4 mL O 2 h -1 mg Chl a -1 in areas where heterotrophic organisms seem to dominate (Martínez et al., 1990; Martínez, 1991; Martínez and Estrada, 1992) . On average, the ETS:Chl a total ratios for the NW Alboran Sea were lower than 1.0 mL O 2 h -1 mg Chl a -1 (Table III) , suggesting a high contribution of autotrophic phytoplankton to ETS activity at the DFM during the four seasons. Moreover, the ETS:Chl a ratios in the present work were lower than those reported by Martínez et al. (Martínez et al., 1990) for the surface layers in the western Mediterranean, where ETS:Chl a ratios ranged from 2 mL O 2 h -1 mg Chl a -1 in high Chl a areas to 10-20 mL O 2 h -1 mg Chl a -1 in low Chl a zones near the Balearic Islands, where the contribution of heterotrophic organisms could be higher (Martínez et al., 1990) . Despite the low ETS:Chl a ratios, no significant relationships between ETS and Chl a were observed, except during winter when ETS was related to Chl a pico . Martínez et al. (1990) also found weak correlations between ETS activity and Chl a at the eastern side of the Almeria-Oran front. The lack of significant relationships between ETS activity and Chl a at the DFM may be due to different factors. Phytoplankton photoacclimation, differences in the taxonomic composition of the autotrophic phytoplankton between the sampling stations and physiological status of cells could affect both respiratory activity (Ahmed and Kenner, 1977; Martínez, 1992) and Chl a content (Cullen, 1982) , leading to a high variability in the relationship between ETS and Chl a during each cruise. Experiments carried out with marine phytoplankton cultures showed that the ETS:Chl a ratio varied from 0.46 to 4.57 mL O 2 h -1 mg Chl a -1 , depending on the phytoplankton species and the growth phase (Martínez, 1992) . The NW Alboran Sea presents a high hydrodynamism, with strong physical and chemical gradients occurring in the scale of few kilometres, which were revealed during the four cruises. These sub-mesoscale processes have an important effect on plankton communities (Rodríguez et al., 1994; Arín et al., 2002; Ramírez et al., 2005; Reul et al., 2005) , causing drastic changes in the plankton biomass and the taxonomic composition that could affect the ETSChl a relationship. Additionally, differences in the abundance of heterotrophic organisms among sampling stations could also contribute to poor relationships between ETS activity and Chl a (Packard, 1979) . Poor relationships between ETS activity and Chl a have been also found in other upwelling areas such as NW Africa (Packard, 1985) . Likewise, low community respiration rates have been reported by Arístegui and Montero (Arístegui and Montero, 1995a) in Antarctic waters characterized by high Chl a concentrations. Recently, the work of Kruskopf and Flynn (Kruskopf and Flynn, 2006) urges caution over the ways in which chlorophyll content is used in aquatic ecology as a proxy of phytoplankton biomass.
Temperature and hydrological conditions seem to be major factors influencing seasonal variations in ETS activities of planktonic organisms (Packard et al., 1975; La Ferla et al., 1999; Savenkoff et al., 2000; Arístegui and Montero, 2005) . ETS activity was significantly related to temperature in summer and winter, and it was also closely associated with nutrient concentrations and dissolved oxygen. Thus, ETS activity at the DFM was strongly and negatively correlated to inorganic nutrients during all the cruises, while it was positively correlated to O 2 during summer, autumn and winter. In addition, PCA analysis for each cruise revealed clear negative associations between ETS activity and nutrients, while positive associations emerged with temperature and dissolved oxygen. The negative correlations with nutrients on the one hand and the positive correlations with dissolved oxygen on the other were unexpected. Theoretically, an increase of respiratory ETS activity should be accompanied by an increase in inorganic nutrients and a decrease of dissolved oxygen concentrations (Packard, 1985; Packard et al., 1988) , leading to negative correlation among these variables. However, previous studies have also found high positive correlations between microplankton respiration and dissolved oxygen concentrations. Eissler and Quiñ ones (Eissler and Quiñ ones, 1999) found that in the upper waters off the coast of northern Chile, microplankton respiration was closely related to temperature and dissolved oxygen. According to these authors, the stronger relationship was observed when PP was much higher than respiration rates (R). In the present study, the observed relationships between ETS and nutrients and ETS and dissolved oxygen can be only explained if (1) PP exceeded R (i.e. the system was net autotrophic at the DFM) and (2) much of the ETS activity at the DFM was due to phytoplankton respiration. Therefore, the results suggest a close association between PP and ETS activity, despite the lack of significant relationships between ETS and Chl a. Other studies have shown that in productive upwelling areas, phytoplankton may be responsible for a significant fraction of respiration (Packard, 1985) . Thus, Packard et al. (Packard et al., 1974) found that ETS activity was closely related to 14 C uptake in the Baja California upwelling system, indicating a major role of phytoplankton on ETS activity.
RCP derived from ETS activity values ranged from 4.6 to 28.1 mg C m -3 day -1 . These values are in agreement with the RCP estimated from the ETS activities given by Martínez et al. (Martínez et al., 1990) and Martínez (Martínez, 1997) for the surface layers in the western Mediterranean. ETS activities in these layers ranged from 0.15 to 5 mL O 2 L -1 h -1 , which would result in RCP ranging from 2.9 to 40.4 mg C m -3 day -1 . However, the RCP rates estimated in this study are higher than those reported for the euphotic zone in other areas of the Mediterranean Sea. In comparison, RCP in the upper 200 m of the southern Adriatic Sea, Otranto Strait, Ionian Sea and Levatine Sea reported by La Ferla and Azzaro (La Ferla and Azzaro, 2004 ) ranged from 0.2 to 3.9 mg C m -3 day -1 . These differences with respect to the RCP rates given in the present study could be a consequence of the different trophic status between the eastern (more oligotrophic) and western (more eutrophic) Mediterranean Sea (Crispi et al., 2001; Bosc et al., 2004) .
Despite the western Alboran Sea being considered a region of relatively high productivity (Packard et al., 1988; Minas et al., 1991) , works reporting data on PP are rather scarce. In fact, only two works have reported direct measurements of PP in the western Alboran Sea (Castellví and Cano, 1983; Morán and Estrada, 2001 ), while Bosc et al. (Bosc et al., 2004) reported indirect estimations of PP derived from satellite image and Minas et al. (Minas et al., 1991) values derived from salinity and biogeochemical fields. The existing works reveal an offshore gradient of PP in the Alboran Sea. Castellví and Cano (Castellví and Cano, 1983) found that PP values were higher in the continental margin of the NW Alboran Sea, where PP reached values higher than 120 mg C m -3 day -1 , than in the more oligotrophic central basin, where PP values were lower than 24 mg C m -3 day -1
. In the present study, RCP values were comparatively lower than PP values reported by Castellví and Cano (Castellví and Cano, 1983) for the NW Alboran Sea. On the other hand, PP measurements carried out by Morán and Estrada (Morán and Estrada, 2001 ) ranged between 632 mg C m -2 day -1 in the continental margin and 330 mg C m -2 day -1 in the centre of the western subbasin. PP values given by these authors corresponded to integrated values in the water column, and therefore, these data cannot be compared with the RCP estimates at the DFM in the present study. However, photosynthetic parameters reported by these authors may be used for comparative purposes. Thus, the maximum Chl anormalized photosynthetic rates for total organic carbon (P B m TOC ) reported by Morán and Estrada (Morán and Estrada, 2001 ) ranged on average between 2.68 and 3.90 mg C mg Chl a -1 h -1 for the surface layer, whereas the average P B m TOC values for the DFM varied between 1.50 and 1.77 mg C mg Chl a -1 h -1 . In order to compare these data with those obtained in the present study, RCP rates on a daily basis were transformed to an hourly basis and subsequently normalized to Chl a total concentration (RCP/Chl a total ). Hourly RCP rates normalized to Chl a total ranged from 0.07 to 0.97 mg C mg Chl a -1 h -1 during the four cruises. The average values ranged from 0.20 mg C mg Chl a -1 h -1 (±0.08 SD, n = 12) in spring to 0.32 mg C mg Chl a -1 h -1 (±0.21 SD, n = 12) in autumn. These values are lower than the average P B m TOC values reported by Morán and Estrada (Morán and Estrada, 2001) for the western Alboran Sea. These results seem to indicate that RCP may be lower than PP in this area, suggesting that PP and respiration in the planktonic fraction size <200 mm may be unbalanced, with PP exceeding R. These findings would indicate that the NW Alboran Sea might act as a sink for CO 2 .
Nevertheless, further research including the contribution of larger zooplankters to community respiration (Hernández-León and Ikeda, 2005) would be necessary to elucidate the role of this region on the CO 2 fluxes.
In summary, the present study shows the existence of a coupling between biological and hydrological processes in the NW Alboran Sea. Ea showed significant variations among the cruises. Seasonal changes in the phytoplankton community assemblage driven by hydrological conditions could lead to the observed differences in Ea among the seasons. ETS activities at the DFM are within the range reported by other studies in the western Mediterranean Sea. Overall, ETS activity followed the same seasonal pattern to that Chl a total , being higher in summer associated with enhanced Chl a concentrations. In general, low ETS:Chl a total ratios were found during the different cruises, suggesting a high contribution of autotrophic phytoplankton to respiratory processes. The negative correlations between ETS and nutrients and the positive correlations with dissolved oxygen suggest a close association between PP and R, despite the lack of correlations between ETS and Chl a. Estimated RCP rates were comparatively lower than the PP values reported in the literature for the study area, which may indicate that the NW Alboran would act as a sink for atmospheric CO 2 .
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